Introduction
PML is a ubiquitously expressed nuclear phosphoprotein that belongs to the TRIM protein superfamily, containing a characteristic TRIpartite Motif, consisting of a C 3 HC 4 zinc RING ®nger, two alternate cysteine-histidine rich zinc binding domains, the B1 and B2 boxes, and an alpha-helical coiled-coil dimerization domain (Reymond et al., 2001) . Alternative splicing of the carboxy-terminal region results in generation of over 15 dierent isoforms for which speci®c functions have only recently begun to be identi®ed (Fogal et al., 2000; Zheng et al., 1998) . The carboxyl terminal region of PML also contains both the Nuclear Localization Signal (NLS) and several Casein Kinasell consensus phosphorylation sites. PML is phosphorylated on several serine residues and modi®ed by the Small Ubiquitin-like Modi®er (SUMO) in a cell cycle dependent manner (Everett et al., 1999) . At present, the function of phosphorylation remains unclear while sumolation appears to be required for the correct nuclear localization of PML (Muller et al., 1998; . PML occurs within discrete nuclear structures described as nuclear bodies (NB), PML Oncogenic Domains (POD) or ND10, that vary in number and size according to cell type. A growing number of other proteins have been demonstrated to colocalize with PML, including Sp100 (Maul et al., 1995) , Blm (Ishov et al., 1999) , p53 and Rb Ferbeyre et al., 2000; Fogal et al., 2000; Guo et al., 2000; Pearson et al., 2000) , DNA damage repair genes, such as Mre11 and NBS (Lombard and Guarente, 2000; Wu et al., 2000) , and transactivators such as CBP/p300 (Boisvert et al., 2001; Doucas et al., 1999; LaMorte et al., 1998; von Mikecz et al., 2000) . The plethora of colocalizing proteins has led to the suggestion that NB may either represent sites at which these associated proteins are safely stored or represent organising centres at which speci®c regulatory cofactors are recruited in response to extracellular and intracellular signals. Although de®nitive con®rmation of either hypothesis is still lacking, this review will address recent evidence suggesting that recruitment of associated factors to NB is an important event in the regulation of apoptosis and senescence.
Alterations in NB structure and components occur during the cell cycle and upon external stimuli Desumolation of PML and increased NB accumulation of DNA damage repair proteins, such as Rad51 and RPA, is observed as cells pass through late S phase and enter G2 (Bischof et al., 2001; Everett et al., 1999) . Modi®cations of NB morphology have been demonstrated in response to stresses such as heat shock (Maul et al., 1995) , treatment with arsenic (Zhu et al., 1997) , DNA damage (Guo et al., 2000) and expression of oncogenes (Ferbeyre et al., 2000; Pearson et al., 2000) . PML NBs mark the sites of initiation of replication of certain types of viral immediate-early genes, an event subsequently associated with complete NB disruption Hayward, 1997, 2000; Everett and Maul, 1994; Maul et al., 1996) . Additionally, PML is upregulated by IFN (Chelbi-Alix et al., 1995) , an antiviral agent, and enforced expression of PML inhibits replication of certain viruses. NB may therefore play a role in cell defence against virus, e.g. inducing growth arrest, and NB disruption could be required for ecient viral reproduction (Chelbi-Alix et al., 1995; Regad et al., 2001) .
NB are also implicated in dierentiation and cell growth as complete disruption occurs both in the neurodegenerative disorder, spinocerebellar ataxia type 1 (SCA1) (Hodges et al., 1998) , and in Acute Promyelocytic Leukemia (APL) (Dyck et al., 1994; Weis et al., 1994) . In the majority of APL cases a reciprocal chromosomal translocation results in the fusion of PML with the RARa gene. Expression of the resultant fusion protein disrupts PML NB into a multitude of small punctate structures described as microspeckles. Recruitment of PML into microspeckles is proposed to result in its functional inactivation and has been found to be required for the dierentiation block typical of APL (Grignani et al., 1996) . APL can be successfully treated with retinoic acid that induces the degradation of the PML-RARa fusion protein and regeneration of normal NB structure (Dyck et al., 1994) (Weis et al., 1994) .
PML in p53-independent apoptosis
Overexpression of PML results in growth arrest of all cell lines tested. Examination of the cellular response underlying this eect demonstrated that PML induces a p53 and Rb independent apoptosis Le et al., 1996; Liu et al., 1995; Mu et al., 1994) . In agreement, following activation with Concavilin A (ConA), splenocytes from PML null mice, displayed less apoptosis in response to both gamma-irradiation and Fas activation, processes that are independent of p53 (Strasser et al., 1994; Wang et al., 1998b) . Activation of Fas, a plasma-membrane bound receptor, either by binding of its cognate ligand, FasL, or an agonistic antibody, results in the transmission of a death signal (Nagata and Golstein, 1995) . Transmission of this signal occurs via the sequential proteolytic activation of caspases, a family of interleukin-1-converting enzyme (ICE)/CED-3 cysteine proteases (Enari et al., 1996) . Activation of caspase 3, one of the central components of this cascade (FernandesAlnemri et al., 1994) , results in the cleavage of poly(ADP-ribose) polymerase (Tewari et al., 1995) , lamin (Lazebnik et al., 1995) , and DFF45 . In splenocytes, gamma-radiation is proposed to similarly induce apoptosis by activating the caspase cascade. The absence of PML resulted in retardation of irradiation-induced proteolytic activation of caspase 1 and caspase 3, suggesting PML may be required for the targeting/activation of the later stages of the apoptotic signalling cascade (Kolesnick and Hannun, 1999) .
Disruption of NB upon expression of PML-RARa is supposed to result in the functional deactivation of PML. One mechanism underlying the increased survival of APL blasts may therefore involve attenuation of PML : caspase pathways. In support of this bone marrow cells derived from transgenic PML-RARa mice displayed reduced levels of anti-Fas induced apoptosis.
Although exactly how PML regulates caspase pathways remains unclear, one possible mechanism may involve DAXX (Yang et al., 1997) . DAXX was originally identi®ed by its interaction with the death domain of Fas, a plasma-membrane bound protein, however immuno¯uorescence studies imply that DAXX occurs in predominantly nuclear punctate structures (Pluta et al., 1998; Torii et al., 1999) . Although some of these bodies have been shown to colocalize with centromeres (Pluta et al., 1998) , the vast majority appear to colocalize with PML NB (Torii et al., 1999) . The carboxyl region of DAXX, that interacts directly with PML, is required for both NB localisation and the observed enhancement of Fasinduced apoptosis (Torii et al., 1999) . Activation of splenocytes by ConA was accompanied by upregulation of DAXX protein levels and increased NB staining in WT cells whereas, common to other NB components, DAXX occurs in a diuse pattern in PML null cells (Ishov et al., 1999; Zhong et al., 2000) . Therefore recruitment of DAXX to NB may be essential for the correct execution of these pro-apoptotic pathways. However, it must be noted that this data is at odds with an anti-apoptotic role for DAXX, implied by the extensive apoptosis and embryonic lethality observed in DAXX de®cient mice (Michaelson et al., 1999) . It remains to be elucidated, therefore, whether the proapoptotic role for DAXX is an artefact due to overexpression, or if DAXX can have a distinct and opposite role during development and in the adult organism.
Interestingly, DAXX was reported to enhance Fas mediated apoptosis in a Jun amino-terminal kinase (Jnk) dependent manner (Yang et al., 1997) . Contransfection assays showed DAXX could modulate Jnk via activation of an upstream kinase ASK . Activation of the Jnk signalling pathway is a common response to diverse stresses including arsenic treatment, DNA damage and heat shock (Adler et al., 1995; Bernstam and Nriagu, 2000; Davis, 2000) . It would be interesting to investigate whether members of this pathway can phosphorylate components of the NB, and if these modi®cations are responsible for the observed stress-induced alterations in NB structure. Further studies in PML null cells are also required to resolve the question as to whether NB are also generally required for the correct regulation/transmission of stress activated signalling pathways.
PML role in senescence
A hallmark feature of primary mammalian cells is that, following a genetically determined number of passages in culture, they undergo a permanent growth arrest described as senescence (Hay¯ick and Moorhead, 1961) . Senescence is related to the progressive erosion of telomeres, guanine-rich repeated sequences that cap eukaryotic chromosomes, that accompanies each cell division (Cooke and Smith, 1986) . Telomere length is maintained by telomerase (Nakamura et al., 1997), that is ubiquitously expressed during embryonic development, but is only expressed in a few adult cell types, primarily stem cells (Meyerson et al., 1997) . The mechanism by which critically shortened telomeres are recognised remains unclear, however it is known that both p53 and Rb are essential for the senescence growth arrest pathways. Senescence is accompanied by increased levels of p53 and hypophosphorylated Rb (Atadja et al., 1995; Shay et al., 1991) . Hypophosphorylated Rb binds to and inhibits E2F transcription factors thereby preventing progression from G1 to S phases (Muller and Helin, 2000) . Cyclin dependent kinases (CDK) phosphorylate RB, thereby releasing E2F, and allowing cells to progress from G1 to S phase. Several inhibitors of these kinases have been identi®ed and upregulation of two of them, p21 and p16INK4A, is observed in senescent cells (Alcorta et al., 1996; Brown et al., 1997) . In human ®broblasts functional inactivation of both p53 and Rb leads to an extended replicative lifespan, inevitably followed by a crisis period, characterized by high levels of apoptosis and genetic instability (Counter et al., 1992; Shay et al., 1991) . Overexpression of the active catalytic subunit of telomerase, TERT, is reported to result in complete immortalisation of epithelial cells in which Rb/p53 are compromised (Kiyono et al., 1998) . The importance of telomeres in senescence and induction of the crisis period is further demonstrated by the fact that rare clones that escape from crisis period have re-established the ability to maintain their telomere length, either due to reactivation of TERT, or through an Alternative Lengthening of Telomere (ALT), that is independent of telomerase (Lundblad and Blackburn, 1993; Bryan et al., 1995 Bryan et al., , 1997 . Unlike TERT expressing cell-lines, ALT cells display extreme heterogeneity in their telomere length (Lansdorp et al., 1997) . Fluorescence in-situ hybridization (FISH) analysis of telomere repeat DNA demonstrated a colocalization with PML NB, in a low but constant percentage of ALT cells (Yeager et al., 1999) . Colocalizing NB appeared to be modi®ed, becoming larger and annular, and represented a subset of the total NB population. These structures increased as ALT cells underwent late G2/M phase (Grobelny et al., 2000; Wu et al., 2000) . In addition to telomeres, TRF-1 and TRF-2, telomere binding proteins, and a series of DNA damage response proteins Rad51, Rad52, RPA, Mre11, and NBS-1 all colocalized with these structures (Wu et al., 2000; Yeager et al., 1999) . Although the underlying mechanism of ALT maintenance of telomere length is unclear, it has been proposed, based on studies in the yeast S. cerevisiae, that a recombination step between telomeric repeats may be involved (Le et al., 1999; Lundblad and Blackburn, 1993) . The presence of genes normally involved in repair and recombination of damaged DNA leads to the intriguing hypothesis that NB represents sites at which this process occurs. Although colocalization of telomeres with NB did not occur either in primary cells, or cells immortalized upon reactivation of TERT, it seems that both Rad51 and RPA are recruited to NB in primary ®broblasts at the end of S/G2 phase (Bischof et al., 2001) , suggesting that ALT cells may utilise a PML dependent, existing pathway for maintenance of telomere length.
In contrast to human cells, murine cells have much longer telomeres and TERT is expressed more ubiquitously in adult tissues (Greenberg et al., 1998; Martin-Rivera et al., 1998) . Despite this fact, murine ®broblasts appear to cease growth after a shorter number of passages (10 ± 20) than human ®broblasts, suggesting that senescence in murine cells is not a consequence of telomere shortening. As in human cells, this`senescent' state is accompanied by an upregulation of p53, p21 and p16. In addition, p19ARF, the Alternative Reading Frame transcript from the INK4A locus is also upregulated (Kamijo et al., 1997) . P53 levels are maintained at low levels in the absence of stress, due to interaction with a transcriptional target, MDM2, that induces p53 degradation and transcriptional inhibition (Haupt et al., 1997; Kubbutat et al., 1997) . P19ARF has been demonstrated to bind and antagonise MDM2 resulting in stabilization and activation of p53 (Pomerantz et al., 1998; Zhang et al., 1998) . P19 and p53 appear to be the main controllers of senescence in murine ®broblasts as ablation of either protein results in immortalization (Harvey et al., 1993; Kamijo et al., 1997) , whereas ®broblasts lacking Bmi-1, a p19ARF transcriptional repressor, underwent premature senescence that was dependent on both p19ARF and p53 (Jacobs et al., 1999) . In agreement, escape from the senescent state occurs at a higher frequency in murine than human ®broblasts, and those clones that escape are characterized by a loss of either p53 or p19ARF (Kamijo et al., 1997) .
Senescence also appears to be a mechanism by which cells are able to arrest in conditions of inappropriate mitogenic signalling. In 1997 Serrano et al. (1997) demonstrated that enforced expression of oncogenic ras (RasV12) in both murine and human primary cells, results in a permanent arrest sharing many features of replicative senescence. This process, described as premature senescence, was accompanied by increased levels of p53, p16 and hypophosphorylated Rb in cells from both species. Premature senescence appears to mimic many of the features characterizing the human/ mouse dierences in replicative senescence. P53 or p19 null murine ®broblasts failed to senesce upon expression of Ha-Ras, instead becoming transformed (Kamijo et al., 1997; Serrano et al., 1997) . In contrast, events that functionally disabled both the p53 and Rb/p16 pathways, such as infection with E1a, are necessary before Ha-ras can transform human cells.
PML as a tumour suppresser
Enforced expression of PML suppresses transformation of rat embryo ®broblasts by combinations of Ha-ras and mutant p53 or Ha-Ras(RasV12) and c-myc (Mu et al., 1994) . PML could also suppress transformation of NIH3T3, that lack p19, by oncogenic neu but not by
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Ha-Ras (Le et al., 1996; Mu et al., 1994) . Adenoviral infection of PML into the breast cancer cell line, MCF-7, induced hypophosphorylation of Rb, downregulation of Cyclin D and increased levels of both p53 and p21 (Le et al., 1998) . These events were accompanied by a G1 arrest, apoptosis and suppression of tumour formation in nude mice. Although PML knockout mice do not display spontaneous tumour formation, such as is observed in mice lacking either p53 or p19, deletion of PML led to a greater susceptibility to tumour promoting agents (Wang et al., 1998a) . TPA and DMBA treatment resulted in increased incidence of skin papillomas in PML null mice, and in a separate experiment, injection of DMBA into the salivary glands resulted in increased tumour formation, particularly of B and T lymphomas. In summary, these studies suggest that although PML is not essential for the suppression of tumours it can co-operate with existing tumour suppressor pathways, similar to the phenotype observed for the p19ARF transcriptional activator DMP-1 (Inoue et al., 2000) . Alterations in PML NB occurred upon replicative senescence, growth arrest being accompanied by the appearance of large annular PML structures (Jiang and Ringertz, 1997) . In conditionally immortalized ®bro-blasts, re-entry into the cell cycle resulted in a loss of these structures indicating that they may be functionally required for senescence. In agreement, dierential cDNA screening demonstrated that speci®c isoforms of PML were upregulated upon both replicative and premature, Ha-Ras induced, senescence (Ferbeyre et al., 2000) . Ha-Ras induced upregulation of PML was dependent on the presence of p53 suggesting that PML is a component of the pathways required for the correct implementation of the senescence pathways. In agreement with this PML null cells were resistant to Ha-Ras induced senescence. Furthermore retroviral expression of PML within primary cells induced a growth arrest with many features in common with HaRas induced senescence, including upregulation of p53, p21 and hypophosphorylation of Rb (Ferbeyre et al., 2000; Pearson et al., 2000) . As observed with Ha-Ras, PML induced senescence was dependent on the presence of p53 in murine cells and was prevented by co-expression of E1a in human cells (Ferbeyre et al., 2000) .
P53 is activated in response to a broad range of stimuli, the consequences of which are either growth arrest, as described above, or apoptosis. The majority of p53 activity is dependent on its ability to act as a transcription factor, and the identi®ed target genes re¯ect its dual roles, either being involved in growth suppression, e.g. p21, or apoptosis e.g. bax, Gadd45 or Fas (Ko and Prives, 1996) . It appears that PML is required for p53 pro-apoptotic signalling, as well as growth arrest inducing pathways. Gamma-irradiated apoptosis of thymocytes, a p53 dependent process, was partially abrogated in the PML null state (Guo et al., 2000) . As observed upon infection of Ha-Ras PML did not alter the upregulation of p53 upon irradiation, suggesting that it does not aect stabilization of p53 through inhibition of MDM2. Instead lack of PML appeared to decrease the anity of p53 for its target DNA. This eect was accompanied by decreased transactivation, from both arti®cial and natural promoters, and attenuated induction of p53 target genes such as Bax and p21 in the absence of PML. In both pathways, therefore, PML appears to be required for the necessary activation of p53 upon stress. Investigation of the mechanism underlying this eect lead to the discovery that PML could directly interact with p53 (Fogal et al., 2000; Guo et al., 2000) . Interaction between p53 and PML occurred both in vitro and in vivo and required the carboxyl-terminal region of PML and the DNA binding domain of p53.
Although not completely de®ned, the region of interaction was lost in the PML-RARa fusion protein and appeared to be partly PML isoform speci®c. As described before, splicing of the carboxyl-terminal region of PML generates a series of dierent isoforms. Although ability to interact with p53 was not analysed for all isoforms, it appeared to be speci®c to PML-III. PML-III was one of the senescence-upregulated isoforms, and was shown to induce senescence when expressed alone. Microinjection of PML and p53 led to colocalization of the two proteins at NB in SaOS-2 cells. Colocalization between PML and p53 in a speci®c subset of NB was also observed upon gamma-irradiation of U20S cells, and upon either PML or Ha-Ras induced senescence of primary ®broblasts.
As stated previously, PML is modi®ed by SUMO. Transfection of GFP-SUMO and the SUMO speci®c E3-ligase, Ubc9, resulted in transactivation and strong recruitment of p53 to NB (Gostissa et al., 1999) . However SUMO modi®cation of PML or p53 was not required for colocalization or interaction. Instead, SUMO modi®cation appeared to be necessary for the observed PML dependent increase in transactivation of p53. In addition, a tumour derived mutant p53, that was defective in transactivation, could be recruited to NB. These ®ndings, in combination with in vitro studies demonstrating that PML could not increase the anity of puri®ed p53 for DNA, suggests that recruitment of p53 to NB alone is insucient for its activation, but that a second, NB dependent, event is required.
Stress-induced stabilization of p53 is accompanied by extensive post-translational modi®cation, including phosphorylation, acetylation and sumolation (Giaccia and Kastan, 1998; Gostissa et al., 1999) . P53 is phosphorylated at sites in both the amino-and carboxyl-regions, whereas acetylation occurs exclusively within the carboxy-region. Modi®cation of p53 appears to be co-ordinated, as phosphorylation has been shown to favour consequent acetylation (Appella and Anderson, 2000) . Phosphorylation of residues in the amino-terminal of p53 are proposed to decrease association with MDM2 (ser-20) (Chehab et al., 1999) , and increase association with activating acetylases such as CBP or p300 (ser-15) (Lambert et al., 1998) . The carboxy-terminal region of p53 is proposed to exert an inhibitory role. Modi®cation of residues within this region is proposed to release this inhibition, thereby increasing the anity of p53 for DNA (Giaccia and Kastan, 1998; Sakaguchi et al., 1998) .
Both Ha-Ras and PML could induce a modest increase in p53 phosphorylation at serine-15 and acetylation at lysine-382 (Ferbeyre et al., 2000; Pearson et al., 2000) . A similar increase in acetylation was reported, but not shown, in response to gammairradiation of thymocytes. These events were accompanied by recruitment of CBP to p53 containing NB. The formation of colocalizing p53:CBP foci was dependent on the presence of PML, and, in PML null cells, Ha-Ras and gamma-irradiation induced acetylation of p53 was diminished. Colocalization of PML:p53:CBP was associated with the formation of a detectable complex between the three species, suggesting that p53 can interact with modi®ers at PML NB. The observed attenuation of p53-dependent growth arrest and apoptosis, observed in PML null cells, is therefore likely to be due to a failure to recruit p53 to appropriate activators upon stress. The importance of this interaction, and the consequent p53, modi®cation was shown by the fact that a p53 construct, mutated at lysine 382, was defective in suppression of Ha-Ras induced transformation.
Ha-Ras induced senescence of human ®broblasts also resulted in recruitment of Rb to PML NB. Previously PML has been demonstrated to directly associate with Rb and to recruit hypophosphorylated Rb to NB . The idea that NB are relevant for Rb function, is further strengthened by the fact that PML-RARa mediated disruption is associated with abrogation of Rb mediated transcriptional repression . Repression is thought to occur through a mechanism that involves recruitment of deacetylases, whereas acetylation of E2F was shown to induce its activation and stabilization (Martinez-Balbas et al., 2000; Pelletier et al., 2000) . Recently, interaction with histone deacetylases has been implicated in PML mediated transcriptional repression (Wu et al., 2001) , suggesting that NB may also play a role in Rb association with deacetylases. Although apparently paradoxical, functional interaction with both acetylases and deacetylases may eventually explain the reported ability of PML to both activate and repress transcription, depending on cell and promoter context (Doucas et al., 1999; LaMorte et al., 1998; Vallian et al., 1998a,b; von Mikecz et al., 2000) . The underlying mechanism that determines association of a coactivator or corepressor with NB remains unclear, however the observations that, upon stress, only a subset of NB are seen to recruit p53 or Rb suggests that particular NB structures may play speci®c roles. Additionally photobleaching studies suggest that whereas PML remains static, coactivators are observed to rapidly associate and dissociate with NB (Boisvert et al., 2001; von Mikecz et al., 2000) . It is therefore possible that in an unstressed state constitutive association of deacetylases with NB renders them repressive, whereas upon stress rapid recruitment of acetylases allows them to activate transcription. It is likely that a locally high concentration of acetylases, such as would occur within NB, may allow more ecient activation of growth regulators. Analysis of the timing of recruitment of dierent factors to NB upon dierent stresses and correlation of this with the kinetics post-translational modi®cation will allow a fuller understanding of these processes.
Misregulation of the balance between acetylases and deacetylases associated with NB, has already been shown to be required for the establishment of APL. Although p53 appears to interact poorly with PML- Figure 1 Role of PML NB in activation of p53 upon stress. In unstressed cells, NB are uniform, p53 and the histone acetyltransferase, CBP, occur in a nuclear diuse pattern. Upon stress e.g. Irradiation or oncogenic infection, PML NB become more heterogeneous, and levels of sumo (S) modi®cation appear to increase. CBP and p53 are recruited to a subpopulation of enlarged NB, recruitment of p53 results in increased post-translational modi®cation, acetylation (Ac) and phosphorylation (P). The lack of evidence of active transcription at NB suggest that activated p53 may then translocate to promoter sites elsewhere in the nucleus Regulation of growth and apoptosis by PML M Pearson and PG Pelicci RARa, the documented heterodimerization between PML and PML-RARa would eectively recruit an RARa associated HDAC complex to p53 (Grignani et al., 1996) an event which would be expected to functionally compromize p53. If this is true it would provide an explanation for the low frequency of p53 mutations observed in APL blasts, in comparison to other myeloid subtypes (Longo et al., 1993) . Although timing of post-translational modi®cation of p53 and Rb has been extensively studied, the spatial regulation of activation remains obscure. These studies have provided evidence that PML NBs may represent novel structures where these processes can occur. In addition, the evidence that NBs are commonly modi®ed by a series of dierent stresses suggests that they may represent a general site at which cells regulate the activity of speci®c nuclear transcription factors. Further investigation into the underlying pathways that govern the modi®cation and recruitment of proteins to NB will allow greater understanding of the role these structures play in control of growth and apoptosis.
